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EXAFS/ Uranium complexation / Bacillus cereus / laser-induced fluorescence spectroscopy (TRLFS) that ura-

Bacillus sphaericus nium built inner-sphere complexes with phosphate groups
of the biomass. This lead to the conclusion that phosphate
residues of cell wall components of the Gram-positive bac-

Summary. Uranium(VI) complex formation at vegetative teria B. cereus and B. sphaericus are responsible for the

cells and spores oBacillus cereus and Bacillus sphaer- uranium binding.

icus was studied using uraniuni,-edge and L -edge The aim of this paper is to study the structure of uranium

extended X-ray absorption fine structure (EXAFS) Spec-ghecies formed at vegetative cells and spores of the above

troscopy. A comparison of the measured equatoriatQJ . : 7 . i :
distances and other EXAFS structural parameters of urany). entionecBagillus strains using extended X-ray absorption

species formed at thBacillus strains with those of the uranyl ine structure (EXAFS) spectroscopy. Analytical procedures

structure family indicates that the uranium is predominantly@llow separating radial distribution functions, which con-
bound as urany| Comp|exes with phosphory| residues. tain information on bond Iengths and coordination numbers,

from the EXAFS. This radial distribution function is an

) average of all signals from different uranium coordination
Introduction centers in the sample. However, frequently the EXAFS is
Bacteria in soil, sediment, and water have a significant in-dominated by the major coordination type in the sample.
fluence on the transport of radionuclides and other heawy® comparison of the determined structural parameters with
metals in nature [1]. Certain bacterial strains can selectivelfn0se of the uranium structure family allows analyzing the
accumulate various metal ions from aqueous systems [2fyP€ Of uranium species in the bacteria samples.
and are, therefore, important for the regulation of environ-
mental pollution and remediation. Because of the high re-
sistance of their spores to extreme conditions, bacilli are .
found in a large variety of natural habitats. Recently, it wasE=XPerimental
demonstrated that tw8acillus strains, B. cereus JG-A30  Sample preparation
andB. sphaericus JG-A12, recovered from a uranium min- ] ] ) ) ] o
ing waste site in Germany, are able to accumulate selectively "€ uranium biosorption was investigated on indigenous
a large variety of heavy metals from the drain waters of th acillus isolates, recovered from a uranium waste pile, the

waste site [3]. In particular, it was shown that these strains Haberlandhalde” near the town of Johanngeorgenstadt in

accumulate large amounts of uranium. The uranyl sorptiorpaX0ony, Germany. Vegetative cells and spores of the isolates

mechanism of the vegetative cells and of the spores of thesg- Cereus JG-A30 andB. sphaericus JG-A12 were studied.

bacteria is of great interest for the development of bacteriaFOf comparison, vegetative cells and spores of two refer-
based techniques for the removal of toxic metals from mill-€nce strainsB. cereus 4415 andB. sphaericus 9602 were
tailings and waste water of uranium mines. analyzed as well. Th&acillus strains used are listed in

Our former study [4] showed that the uranium can be re-T1able 1. TheBacillus strains were grown with intensive
leased almost quantitatively from vegetative cells and spore@€ration in 300 ml nutrient medium (glgnutrient broth,
of bacilli by extraction with a strong complexing agent. This Difco Laboratories, Augsburg, Germany) at"®[4]. The
indicated that the uranium species were formed extracellubacterial biomass was separated from the growth medium

lar. Furthermore, that investigation showed by time-resolved!Sing low speed centrifugation (6080g). For preparation
of the EXAFS samples, the biomass was treated for two days

* Author for correspondence (E-mail: REICH@ESRF.FR). with 50 ml of 09% NaCl-solution containing 10mol/I
tCurrent address: Lawrence Berkeley National Laboratory, MS U(V|_) atpH5. Th? b|0mass was Separat_ed from the growth
70A-1150, Berkeley, CA 94720, USA medium by centrifugation. To remove ingredients of the
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Tablel. Bacillus strains used. same beamline. The Si(220) double-crystal monochroma-

) tor was used in channel-cut mode. Harmonic rejection was
Strain Source achieved by detuning of the second crystal relative to the
B. cerous ATCCA first one, giving a~ 50% intensity decreasg of the incident
4415 flux. Bacillus-uranyl samples were loaded into polyethylene
B. cereus Haberlandhalde sample tubes and measured as wet pastes. The samples were
JG-A30 measured 10-13 days after preparation. A four-pixel Ge flu-
B. sphaericus NCTC® orescence detector [5] was used for data collection. For each
9602 sample, three spectra were recorded and averaged. Deadtime
B. sphaericus Haberlandhalde correction was applied. The energy calibration at the ura-
JG-A12 . . - o ; .

nium L, edge was carried out using the first inflection point
a: American Type Culture Collection; in the derivative spectrum of a@b4 M UG,(ClO,), solution

b: Lsolate from tt:edltjrgnium mining waste pile Haberlandhalde, Jo-gt 20950 eV. We did choose the uranium-edge because
anngeorgensta ermany, R H i
o Natio%al gouection' of Type éultures’ London. a mo_nochromator glitch appeared in the energy region of the
uraniumL , -edge EXAFS.

The EXAFS spectra of the uranyl phosphate refer-
growth medium, the biomass was washed three times witlence samples were measured on the Rossendorf Beamline
5 ml physiological NaCl-solution (0%). (ROBL) [6] at the European Synchrotron Radiation Facil-

For measurements of the phosphorus content of the baéty (ESRF). The monochromator equipped with a Si(111)
terial cell walls, the following procedure was applied: Bacte-water cooled double-crystal system was used in fixed-exit
rial cells were mechanically disrupted by the use of a mixer-mode. Higher harmonics were rejected by two Pt coated
mill; the cell walls were separated from the cell debris by mirrors. A monochromator feedback control system [7] was
two consequent centrifugations at 49@ and 13000« g; used for stabilizing the intensity of the incident X-ray beam.
approximately 20 mgml wet weight of bacterial cell walls The second mirror focused the beam vertically onto the sam-
were then chemically disintegrated with HhN@nd HO, ple. UraniumL,,-edge EXAFS spectra were collected in
in a Floyd-MW microwave oven and finally resuspended intransmission using Ar-filled ionization chambers. For each
distilled water; and the phosphorus content in the resultingsample, three spectra were measured and averaged. The
liquid phase was measured by ICP-MS spectrometry. samples were dispersed in 300 mg boron nitride and pressed

Two 4x102M U(VI) and U(IV) solutions in 1M as 13cm diameter pellets. The amount of uranium used
HCIO, served as reference samples for the uranium oxidawas calculated to give a jump of one across the uranium
tion states. The stock solution of U(VI) was obtained by L, -edge. Energy calibration of the uranium, -edge spec-
dissolving NaU,0,-6H,0 in 7 M HCIO,. Part of this solu-  tra was carried out using the first inflection point in the
tion was reduced electrochemically to U(IV) at a mercury derivative spectrum of zirconiurk-edge at 17996 eV [8].
pool cathode. The uranium oxidation state in these solution®ll measurements were taken at room temperature. Theor-
was confirmed by UYVis spectroscopy. etical scattering phases and amplitudes were calculated with

Bond length values were compared to those of urathe scattering code FEFF6 [9] based on a 5 A cluster using
nium(VI) reference compounds to characterize the coordithe crystal structure of QUO,PQ,],-8H,0 [10]. In add-
nation of the uranium species formed on Beillus strains.  ition to the U-O, U—C and U-P single-scattering paths, the
Good agreement was found with structure parameters of infour-legged multiple-scattering path-+0,,;—U—0O,,—U
organic uranyl phosphates (see below). Therefore, EXAF®f the uranyl moiety was calculated. The cluster calculation
measurements of different natural uranyl phosphates werassumed a linear arrangement of the two axial oxygen atoms
carried out. These reference samples were copper urangt a distance of .¥8 A with respect to uranium. EXAFS fits
phosphate (meta-torbernite) from Schneep@rgymany, were performed using lerange of 28—-138 A-* for Bacil-
calcium uranyl phosphate (meta-autunite) from Autun lus strains and 8—140 A-* for uranyl phosphate reference
France and barium uranyl phosphate (meta-uranocircitetompounds. The value of the shift in threshold energl,
from BergerfGermany. Their compositional and structural was taken as a single variable for all coordination shells
equivalence to the compounds reported in the literatureand was varied during the fits. The EXAFS spectra were
was checked by energy-dispersive X-ray fluorescence spe@nalyzed according to standard procedures using the com-
troscopy (EDX) and X-ray powder diffraction (XRD) analy- puter program EXAFSPAK [11]. The scaling factd?,
sis. The chemical composition of the minerals agreed withwas set to 0.9.
the expected chemical formula. All three minerals occur in
the meta-structure form.

Resultsand discussion

EXAFS measurements The oxidation states of the uranium species after interaction

UraniumL,,-edge XANES and.-edge EXAFS spectra of with bacilli were analyzed using,, -edge XANES features.
the Bacillus-uranyl species were measured in fluorescenceShape and edge-position of the X-ray absorption near-edge
mode on the wiggler beamline 4-1 at the Stanford Syn-structure, XANES, is influenced by the oxidation state of the
chrotron Radiation Laboratory (SSRL) operating at 3 GeVabsorbing atom. Fig. 1 shows the uranilp-edge XANES

and 40-90 mA. Uraniuni, -edge XANES spectra of the spectra of solutions with # 10-2M U(IV) and U(VI) in
U(VI) and U(IV) reference solutions were obtained at the 1 M HCIO,. In comparison to the U(VI) solution, the white
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Fig.1. Uranium L,-edge XANES spectra of #102M U(IV) Fig.2. Uranium L,-edge k®-weighted EXAFS spectra (left) and
in 1M HCIO, (1), 4x102M U(VI) in 1M HCIO, (2), meta- the corresponding Fourier transforms (right) of tBecillus-uranyl
autunite CAUO,PQ,],-6H,0 (3), vegetative cells oBacillus sphaer- complexes with vegetative cells fronR. cereus 4415 (a),B. cereus
icus JG-A12 with U(VI) (4) and spores dacillus sphaericus JG-A12 JG-A30 (b), B. sphaericus 9602 (c), B. sphaericus JG-A12 (d), and
with U(VI) (5). The spectra were normalized to equal intensity at spores fromB. cer. 4415 (e)B. cer. JG-A30 (f),B. sph. 9602 (g) and
17230eV. B. sph. JG-A12 (h).

line intensity (A in Fig. 1) of the U(IV) XANES spectrum appear at shorter distancéR+ A) relative to the real near-
is increased and its energy is slightly reduced. Additionalneighbor distancesR). The EXAFS equation was fit to the
differences appear in the XANES features of the U(VI) measured data using a structural model of two oxygen shells
samples above the white line (B in Fig. 1), which are inter-and one phosphorus shell. Without introducing any addi-
preted in the literature by multiple-scattering effects of thetional variable fit parameters, the multiple-scattering path of
axial atoms, @, of the uranyl moiety [12, 13]. The observed the uranyl moiety was linked to the-tD,, scattering param-
spectral differences allow to distinguish between U(VI) andeters as described in [28]. The results of the data analysis are
U(IV) oxidation states. As representative examples, the uralisted in Table 2.
nium L,,-edge XANES spectra of the uranyl species at veg- In the vegetative cells and spores of tBacillus sam-
etative cells and spores 8&cillus sphaericus JG-A12 are  ples, the uranium is coordinated by,(at a distance of
given in Fig. 1 as well. All bacilli samples show the typi- 1.78—-179 A. For the Q, atoms the coordination number
cal pattern of U(VI) oxidation state. The XANES spectrum is 1.8 to 2.3. The distance between uranium ang i®
of the C4UO,PQ,],-6H,0 reference compound shows also 2.28—-229 A. The coordination number of the.L£atoms,
typical features of hexavalent uranium. In the spectra of theN,,, is determined to 4.4-5.7. The third peak, which is
U(VI) samples, an additional peak (C in Fig. 1) is corre- weaker in intensity, is a scattering contribution from phos-
lated with the bonding between uranium and its equatoriaphorus at a distance of.@-363 A with a coordination
oxygen atoms, Q. The position of this peak is sensitive number of 1.8-3.0. The small peak Rt+ A ~ 1 A in the
to this bond length. An increase in the distance betweerT is a typical relic of the subtracted spline-function. The
uranium and the € is associated with a shift of this peak EXAFS parameters of vegetative cells and spores are very
to lower energy [14]. The short YO, bond distance in  similar, both for the uranium waste pile isolates and for the
CqUO,PQG],-6H,0 and bacilli samples, shown later in this reference strains d@. sphaericus andB. cereus.
paper using EXAFS analysis, shifted peak C to higher en- The U-O,, bond length depends strongly on the coor-
ergy as compared to thexd10-2 M U(VI) solution. dination geometry and is distinguishable for different co-
UraniumL,-edge EXAFS spectra of the uranium speciesordination types. Steric effects and the number of ligands
formed by theBacillus strains and their corresponding influence the bond lengths of each,Gitom. The aver-
Fourier transforms are shown in Fig. 2. The Fourier trans-age bond lengths, which are measurable with EXAFS, are
forms (FT) represent radial distribution functions of the indicative for the uranium coordination. The uranyl ion,
atoms surrounding the uranium atom. The FT’s are notJO,?", can be coordinated by six, five or four oxygen
corrected for EXAFS phase-shiftsd, causing peaks to atoms in the equatorial plane leading to hexagonal, pen-
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Table2. EXAFS structural parameters @acillus-uranyl complexes:  from infinite chains of uranyl centers bridged by carboxylic
Yegegaégg g;f”sé OfB-h Cefeusﬂﬁlg i)l,zB-dgefeusdJG-MO b)f, B. Sghaef- groups with an U-O,, distance of 2828) A. This bond
icus , B. sphaericus JG- » and spores Iromb. Cer. - Jangth agrees with the WO, distance found for the bacilli
441 B. . JG-A B. sph. 2 B. sph. JG-A12 f). eq = .

5€). B cer. JG-AS0 (), B. sph. 9602 ) andB. sph. JG ® samples. The weak peak, which appears in the FT’s of the

Sample  Shell RIA]2 Nb o2[A2c  AE[eV] bacilli-uranyl complex samples &+ A = 3.0A (Fig. 1)
could be a result of Y C interaction. The U-C bond length

a U-0,, 1.78 21(2) 0.0009 _142 in UO,(C;H50,),, calculated from X-ray diffraction data
U—0,, 2.28 54(4)  0.0042 given in [20], is 345 A. A Fourier filter procedure includ-
u-p 3.62 245  0.008 ing a subtraction of the other single-scattering contributions

b U—0O, 179 232 00013 -135 and the U-O,, multiple-scattering part was used to optimize
3:?9“ %‘%% giggg 8:88;21 the EXAFS fit of this weak feature at S.A. Using a (;Ius—

c U_o,, 1.79 18(2) 0.0009 _140 ter similar to UQ(C7H502)2.for the cglculatlon of scattering
U—0Oq 228 51(6) 0.0046 parameters, the hypotheticalAC distance in the spectra
U-pP 3.61 30(7) 0.008" of the Bacillus samples was calculated to43 A. This is

d U—Ox 1.79 21(2) 0.0015  -128 in agreement with the model. But there are two arguments
U—0O¢, 2.28 49(5) 0.0038 against such an interpretation as-Q interaction. (a) The
u-p 3.63 21(7)  0.008° calculated carbon coordination number is even larger than

€ 3:86‘* ;';g é?% 8’8822 —142 five. This contradicts the fourfold coordination. (b) Most of
U_p . 363 28(7)  0.008° the uranium(VI) compounds with carboxylic ligands coor-

f u-o, 1.79 21(2) 0.0003  —-126 dinate in a monodentate or in a bidentate fashion. In both
U—04, 2.28 46(6) 0.0046 bonding types, the common coordination numbegs ddn
U-P 3.61 18(8) 0.008" be five or six, with exception of the above mentioned com-

g U—Ox 1.79 21(1) 0.0004  -124 pound. A comparison with reference compounds showed,
Bigeq %%% ‘;‘Ig‘?‘; 8-885(]5 that the average YO, distance for monodentate ligation

h U_o 1.'79 20(2) 0:0001 125 of thg carboxyl group is nearly.'29 A whereas the aver-
U—O:: 299 47(5) 0.0031 age distance for bidentate C0.0I’dInatIOI’I..IéSEQA [21]. These
U—pP 3.63 19(7) 0.008¢ bond lengths are too large in comparison to the measured
— U—0O,, values of theBacillus strain samples. We, therefore,

a: Errors in distances are0.02 A; conclude that it is unlikely that the majority of the uranium

b: errors in coordination numbers at#25% and standard deviations . b d b | f the bi
as estimated by EXAFSPAK are given in brackets; IS bound to carboxylate groups of the biomass.

c: Debye-Waller factor; Since we can exclude the carboxylate groups as ori-
d: value fixed for the calculation. gin of the weak peak aR+ A =3.0A, it is necessary to
consider the phosphoryl groups. In Gram-positive bacteria,
and especially in bacilli, the most probable sites respon-
tagonal or square bipyramidal coordination polyhedra. Thesible for binding of many different metals are the phos-
structural classification for inorganic U(VI) compounds of phodiester residues of the so called secondary polymers
Bruns (1996)et al. [15] showed that the average bond consisting mainly of teichoic and teichuronic acids [22].
lengths are U-Ogq hexagona= 2.46(12) A, U —Oeq, pentagona— In addition, other bacterial cell surface polymers such as
2.34(10) A, and U—Ogq square= 2.26(8) A. The fivefold coor-  lipopolysacharides and phospholipides might also supply
dination with Q, is the most common geometry for organic phosphoryl groups for metal binding [23]. The structure
U(VI) complex compounds [16, 17]. of the spore coat is completely different in comparison to
The U-O,, bond distances found in vegetative cells andthe cell wall structure. The exosporium is dominated by
spores of theBacillus samples are .28—-229 A. In com-  negatively charged sites, which are most likely carboxylate
parison to the structural parameters in the literature, thidut also phosphoryl groups [24]. The phosphoryl groups
bond length is typical for an equatorial fourfold coordina- occur mainly in phospholipids, lipoteichoic and teichoic
tion. The small group of uranyl species that contain equa-acids [25].
torial fourfold oxygen coordination will be discussed in the ~ EXAFS data do not provide information on the absolute
following patrt. amount of uranium and phosphorus involved in the bind-
The hydrolysis reaction products of dioxouranium(VI) ing and contain only information about the main type of
have been the subject of extensive studies. Most of theiranium coordination. Therefore, the phosphorus content
species have coordination numbers higher than four. Oneas estimated in order to verify that there is enough phos-
species, the UQOH),* ion, is fourfold coordinated by Q phorus to bind the whole uranium. In our former work, it
atoms with a bond length of.26 A [18, 19]. Because this was demonstrated that the amount of uranium bound on the
hydrolysis species is insignificant at the pH range used an@acillus cells in the EXAFS samples was in the range of
any excess uranium was removed by the washing procedut@15 mmol U/g of dry weight of the biomass [4]. In add-
during the sample preparation, we can exclude the presendton, we found that the uranium is bound to the cell walls
of hydrolysis species in thBacillus samples. and not inside the cells. The walls of tBacillus cells rep-
Only a small number of organic uranyl complexes with resent 15%—20% of the dry weight of the entire cells [26].
an equatorial fourfold coordination exists. An equatorially Therefore, the amount of uranium bound to the cell walls
fourfold coordinated organic compound is dibenzoatodiox-is 0.75 mmol U/g dry weight. In the present work, the
ouranium(VI), UQ(C;Hs0,), [20]. The structure is built up  phosphorus content of the cell walls of tBacillus strains
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of dry weight. Despite the fact that not all phosphorus can

be located at the cell surface, the analytical results show the ;

a significant amount of phosphorus exists in the cell wall to ¢ T —a
bind the uranium. " i o

Assuming a U-P shell in the EXAFS spectra of the J\ / ‘ \ /3—-—-. ":____‘
W” \
o

studied was determined to be between 0.5 afidrimol P/g T
_9

Bacillus strain samples, the weak peak Rt- A = 3.0A J @
can be reliably fit to a bond distance 0f68—363A. g "\ /
L 3 m

& ‘ 2291} A
The fit in this R region contains also a contribution of 36UNA o

e

the U-0O,, multiple-scattering path due to the very small J’/ =

Debye—Waller factorg?, of the U-O,, coordination shell ‘ @ owagen
(Table 2). To have a better comparability of the-B coor- _

dination numbersy? for this shell, which equaled.008 A 9 o  Phosphorous
for several samples, was held constant in all fits. The phos

phorus coordination number for all bacilli samples ranges | Uranium

from 1.8 to 3.0. -
. Fig. 3. Simplified structure of the 11 uranyl phosphate reference com-
A short U=0Oc, bond distance occurs when theqatoms ounds showing a part of the uranyl phosphate layer. Typical distances

of the U_rany| F_’Olyhedron are at the same time th? COMers Orom EXAFS measurements (see Table 3) with error limits are given
four neighboring XQ tetrahedra. A stable coordination of for U-0O,,, U-O,, and U-P.

this kind is formed by two-dimensiong@UO,X0O,] sheets.
The structural comparison of Brumsal. [15] pointed out,
that this{[lUO,X0O,] unit is built up only by XQ = PO, and  determined bond distances for the axial and equatoraDU
X0, = AsO,. A simplified picture of the uranyl phosphate inthe uranyl phosphates ar&/6—178 A and 229 A, respec-
structure is given in Fig. 3. Each uranium is connected withtively (Table 3). For comparison, the average bond lengths
two double bonded oxygen atoms in the axial direction androm X-ray diffraction measurements are also given in this
surrounded equatorially by four oxygen atoms in a squardable. In the higheR-range of the FT’s, only scattering be-
planar arrangement. The s at the same time the corner of tween the heavy atoms, phosphorus and uranium, are likely
a phosphate tetrahedra. Tetragonal dipyramidal coordinateth be observed. The UP distance in the uranyl phosphates
uranyl ions and phosphate tetrahedra form two-dimensionabbtained from the EXAFS spectra is58—360 A and the
layers. Both the short distance tg,@toms and the phospho- U—U distance is approximatelyBA. Not detectable are the
rus bond length and coordination number point to an uranyinterlayer cations using EXAFS because their distances to
structure in thdacillus samples similar to the inorganic1  the absorbing atom are too large. The Debye—Waller factors
uranyl phosphate species. for the Q, atoms are higher than those for the,@toms

To corroborate the interpretation of the obtained structur-because the axial atoms are not symmetry-equivalent. As
al parameters, EXAFS studies of inorganic phosphate coma consequence, theD,, multiple-scattering path becomes
pounds were performed. The natural minerals meta-torbervery weak and does not contribute to the FT peak centered
nite CHUO,PQ,],-8H,0 [10], meta-autunite GaIO,PQ,], at 3 A (Fig. 3). Therefore, the final fit was done without the
6H,0 [27] and meta-uranaocircite BdO,P0,],-6H,0 [29] multiple-scattering path.
were used as samples. EXAFS spectra of the uranyl reference The comparison with interatomic distances from single
compounds measured at the uraniug-edge are depicted crystal structure data (Table 3) shows, that the EXAFS an-
in Fig. 4. Fit results of data analysis are listed in Table 3. Thealysis gives the correct average bond length in each shell.

Table3. EXAFS structural parameters for
uranyl phosphate reference compounds: Sample Shell RIA]? N® o?[A?]°  AE[eV] RiolA] Ref.
meta-torbernite  QWO,PG,],-8H,0 (i),

meta-autunite G&JO,PQ,],-6H,0 () and | U—0O. 177 20(1) 0.0042 -111 1.81¢ [10]
meta-uranocircite B&JO,PO,],-6H,0 (k). U—0Og 2.29 43(2) 0.0028 230
For comparison the averaged bond lengths U-pP 359 35(4) 0.008¢ 3.59
based on single crystal structure data u-u 52 3.4(7) 0.008" 5.24
(R«ro) from the literature are given. i U—0,, 176 22(1) 0.0045 ~110 1.89¢ [27]
U—0Ogq 2.29 39(2) 0.0026 232
U-pP 360 23(3) 0.008° 3.59
u-u 5.2 2.7(6) 0.008° 5.23
k U—0O 1.78 22(1) 0.0049 -9.3 178° [29]
U—0Ogq 2.29 37(2) 0.0021 228
U-pP 360 20(3) 0.008° 3.58
u-u 5.2 2.8(6) 0.008° 5.20

a: Errors in distances ate0.02 A;

b: errors in coordination numbers at25% and standard deviations as estimated by EXAFSPAK
are given in brackets;

Debye—-Waller factor;

. value fixed for the calculation;

e: Symmetry-inequivalentdo,, bond lengths are averaged.

a0
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2 — Data slightly higher than the values for crystalline uranyl phos-
< oo phate reference compounds (Table 3). The édwalue for
> Bacillus strains indicates a high degree of structural order in
15 the arrangement of the oxygen atoms in the equatorial plane.
Therefore, we conclude that the amount of fourfold coordi-
10 nated uranyl phosphates clearly exceeds the amount of other

uranyl complex species with higher coordination numbers.
EXAFS spectra of the uranium complexesBacillus veg-
etative cells and spores, which possess significant structural
differences, are identical and indeed demonstrate the forma-
tion of structurally comparable uranyl phosphate species.

'57‘ T ‘\ L

6 8 10 12 14 01234 56 conclusons

-1
. . k(AT _ REA[A] The U L,,-XANES for all bacilli samples studied demon-
Fig. 4. Ura(rjl_lumFLm-edgeka-\;velghtt(ed E>)<AFS Spﬁctrr]a (ler:t) andf the strates that the uranium occurs in the U(VI) oxidation state.
corresponding Fourier transforms (right) of uranyl phosphate referenc
compounds: meta-torbernite LIO,P0O,],-8H,0 (i), meta-autunite ‘Becauks eU(_)Lthe StTor.tJ:Deq bto .Tjd tlgngtf][ anc?. t[]e precsgcr;%e of
C4UO,PO,],-6H,0 (j) and meta-uranocircite BAO,PO,J,-6H,0 (k). & Wea Scattering contribution at a distance ¢
to 3.62 A, we conclude that the EXAFS signal is deter-

) ) ) ) mined mainly by monodentate bound phosphoryl ligands.
The average B0, bond distance in meta-autunite obtained gq frther investigations it is necessary to analyze organic

by XRD measurements is large in comparison to the EXAFSgterence compounds of uranyl complexes with phosphoryl

results. Single crystal X-ray diffraction measurements some;qqiques using EXAFS and XRD. Identical structural param-

times are complicated in the presence of heavy atoms, b&sers were obtained for uranium bound to both the vegetative

cause these mainly determine the structure factors. This cafy|is and spores dB. sphaericus and B. cereus indicating
lead to errors in the determination of atomic coordinates fot4t 4 structural similar uranium complex is formed on the

light atoms [30]. The bond distances for meta-autunite giver.q|; walls.

in Table 3 are in good agreement with the EXAFS meas-

urements of Thompsogt al. (U-Ou =177A, U-Ox=  Acknowledgment. This work was supported by grant No. 7531.50-03-

2.28 Aand U-P=3.60 A) [32]. FZR/607 from the Sachsisches Staatsministerium fir Wissenschaft
The U-O,, bond length of the uranyBacillus species und Kunst, Dresden, Germany, and in part by the NATO Collabora-

. . . tive Research Grant No. SA.5-2-05(CRG.971641) /B73AHJ-501.
agrees well with the bond length of these inorganic urany e also acknowledge obtaining the mineral samples copper uranyl

phosphate compounds. However, there are no metabolic prhosphate from the Staatliches Museum fiir Mineralogie und Geolo-
cesses kown that will liberate free phosphate groups availgie zu Dresden, collection number 7667Sy, calcium uranyl phosphate
able on surfaces of spores and vegetative celi gbhaeri- from J. Schéne, and barium uranyl phosphate from W. Enders. EXAFS
cus andB. cereus. The U—P distance of $0—-363 A is typi- measurements dBacilli strains were made at SSRL, which is operated

I d b doh h | .__by the US Department of Energy, Office of Basic Energy Sciences, Di-
cal for monodentate bound phosphate groups. In comparisQfision of Chemical Sciences and Materials Science. EXAFS measure-

to the inorganic uranyl phosphate compounds, the observeglents of reference compounds were made at the Rossendorf Beamline

coordination number of Q atoms is higher than four and ROBL (BM20) at ESRF.

the coordination number of phosphorus is lower than four.
Furthermore, the EXAFS spectra of uramaeillus species
and the 1:1 uranyl phosphate are different in Kamnge
8-10 A! (see Figs. 2 and 4). It should be emphasized that 1.
this region is sensitive to polarization effects [31]. We did
not detect any U-U interaction above the noise level. There-
fore, the uranium could be surrounded in the bacilli samples
by phosphoryl groups in a similar but not identical arrange- 2.
ment as in the inorganic :11 uranyl phosphate. However,
some additional sites for uranium binding on non-phosphate
groups at the bacterial cells wall cannot be excluded. In
this case, the explanation of the experimental observations
requires that some uranyl groups are sorbed on the bacte-
rial surface with a different coordination geometry. How-
ever, these species contribute only weakly to the EXAFS 4.
signal. In the presence of significantly higher amounts of
uranium(VI) with fivefold equatorial coordination bound to

the bacteria cell wall, the YO, shell would be broadened 5.
due to additional contributions of longer-D,, compo-
nents. This would result in a larger for the U—Oq, shell.

The fit to the EXAFS signal gives? between 0.0025 and
0.0046 & (Table 2) for theBacillus strains. This is only
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